X-ray microanalysis is a useful technique to qualify and quantify basic elements in biological specimens. This article reviews the principles and techniques for applying intermediate high voltage electron microscopy to Xray microanalysis of various elements in biological specimens developed in our laboratory since the late 20th century. We first quantified the endproducts of histochemical reactions such as Ag in radioautographs, Ce in acid phosphatase reaction and Au in colloidal gold immunostaining using semi-thin sections by high voltage electron microscopy at 300-400 kV. We then analyzed various trace elements such as Zn, Ca, and S, which originally existed in the cytoplasmic matrix or cell organelles of various cells in different organs, and some absorbed elements introduced by experimental administration into cells and tissues such as Al, using both conventional chemical fixation and cryofixation followed by cryo-sectioning, freeze-drying, or freeze-substitution. As a result, we showed that the peak to background (P/B) ratios of all the elements analyzed had high P/B ratios at 300-400 kV. It was concluded that X-ray microanalysis using semi-thin sections by high voltage electron microscopy is of great utility for quantifying trace elements in biological specimens.
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I. Introduction
Electron microscopy is one of the physical methods used in histochemistry and cytochemistry [33, 37] which was developed since the construction of the first transmission electron microscope by Knoll and Ruska in 1932. The electron microscopes were later differentiated into either transmission or scanning microscopes. The application of Xrays in electron microscopy was first carried out by Castaing [6] in the 1950s who developed analytical electron microscopy and applied it to biological specimens. When we began to use the electron microscopes in 1950s in the mid 20th century in our laboratory at Shinshu University School of Medicine, we used mainly conventional transmission electron microscopes at accelerating voltages from 50 to 100 kV, such as Hitachi HU-9, HU-11, and HS-9 (Hitachi, Tokyo, Japan) to observe histochemical and cytochemical reactions in biological specimens as ultrathin sections. However, we later purchased transmission electron microscopes with accelerating voltages much higher than 100 kV, such as JEM 1200EX (JEOL, Tokyo, Japan) at accelerating voltages of 120 kV in 1970s, Hitachi H-700 (Hitachi, Tokyo, Japan) at 200 kV in 1980s, and JEM-4000EX at 400 kV (JEOL, Tokyo, Japan) at 400 kV in 1990s, in the late 20th century, in order to get better transmission of electron beams and better resolution of the ultrastructures observed. At the same time, we purchased such X-ray analyzers as Horiba EMAX EDX analyzer (Horiba, Kyoto, Japan) An outline of this paper was presented at the 6th Joint Meeting of the Japan Society of Histochemistry and Cytochemistry and the US Histochemical Society, held July [19] [20] [21] 2002 , Seattle, WA, U.S.A., as well as at the Symposium on "Application of high voltage electron microscopy to biological specimens" (Organizer and Chair: Tetsuji Nagata) during the 15th International Congress on Electron Microscopy, held September 1-6, 2002, Durban, South Africa.
Correspondence to: Tetsuji Nagata, Professor Emeritus, Shinshu University. (Home) 1361 Matsuoka, Okada, Matsumoto 390-0313, Japan. equipped to Hitachi H-700 STEM system at 200 kV, or Tracor-Northern TN-5400 EDX analyzers (Tracor-Northern, Middleton, CT, USA) equipped to JEM-4000EX TEM system at 400 kV and JSM-6000F SEM system and used them for analysis of various elements in different cells and tissues [27-30, 32, 44, 46, 52, 54] . This paper deals with the principles and techniques of X-ray microanalysis using semi-thin sections and high voltage electron microscopy which have been developed in our laboratory since late 20th century, demonstrating the utility of higher voltages for quantifying trace elements in biological specimens [50, 51] .
II. Principles of X-ray Microanalysis
The principles of X-ray microanalysis (XMA) or electron probe X-ray microanalysis (EPMA) are to observe ultrathin or semi-thin sections by transmission electron microscopy or tissue blocks by scanning electron microscopy, and to irradiate the tissues with electron beams which emit X-rays specific to the tissues, and then analyze the spectra obtained from the tissues by qualifying and quantifying the specific elements [7] . Innumerable papers have been published in the late 20th century, qualifying and quantifying various elements in various cells and tissues by XMA. The authors of these papers used conventional analytical electron microscopes at accelerating voltages of 50-100 kV. Initially they believed that it was essential to use ultrathin sections for X-ray microanalysis of biological specimens [7] . However, it is theoretically obvious that the thinner the sections are, the less they contain of the elements to be analyzed. To the contrary, the thicker the sections are, the more elements they contain. Thus, we used thicker sections which contained much more elements, as much as several times thicker than ultrathin sections, by observing them at higher accelerating voltages around 200-400 kV by means of high (or intermediate) voltage electron microscopes. Soon after we started to analyze several elements in biological specimens, we discovered the advantages of intermediate high voltages around 200-400 kV for quantifying such elements in thick sections, obtaining higher peak to background (P/B) ratios [27-30, 32, 44, 46, 52, 54] . At the time when we started to use such intermediate voltage electron microscopes in 1970s, only 200 kV electron microscopes such as Hitachi H700 or JEOL JEM-200CX were available. We first purchased and installed a Hitachi H-700 at 200 kV in our laboratory and we also had access to a JEOL JEM-200CX transmission electron microscope equipped with Kevex 7000-77 (Kevex, U.K.) in JEOL Laboratory in Akishima, Tokyo, through the courtesy of JEOL Co. Then later, higher voltage electron microscopes such as Hitachi at 300 kV and JEOL at 400 kV became available in the 1980s, and finally we purchased and installed a JEOL-JEM-4000EX at 400 kV in our laboratory. This paper deals with the theory, application and results developed and obtained in our laboratory using the 200 kV and 400 kV electron microscopes.
III. Electron Microscopes and X-ray Analyzers
An electron microscope equipped with an X-ray analyzer is designated as an analytical electron microscope. There are 3 types of electron microscopes which are commercially available: (1) the scanning electron microscope, (2) the scanning transmission electron microscope and (3) the transmission electron microscope. On the other hand, there are 2 types of X-ray analyzers available: (1) the wave dispersive X-ray analyzer (WDX) and (2) the energy dispersive X-ray analyzer (EDX). Thus, we have 6 types of combinations for analytical electron microscopes equipped with X-ray analyzers. By scanning electron microscopy, we can observe and analyze only the surface of tissue blocks. Scanning microscopes equipped with EDX spectrometers often used for scanning the surface structures such as the teeth or bones and analyze the elemental components of the surface structures of hard tissues [20] . By scanning transmission or transmission electron microscopy we can observe and analyze inside of the tissues examining ultrathin or semithin sections. With the wave dispersive X-ray analyzer, we can analyze only one element at a time. By contrast, we can analyze all the elements at once with the energy dispersive X-ray analyzer. Thus, we prefer to use transmission analytical electron microscopes equipped with EDX for biological specimens in order to analyze all the elements from Na to U (all the elements with atomic numbers from 11 up to 92) in the same specimens at once. Actually, we purchased 3 types of analytical electron microscope in our laboratory during these 30 years: a Hitachi H-700 scanning transmission electron microscope equipped with a Horiba EMAX EDX analyzer, a JEOL JEM-4000EX high voltage transmission electron microscope at accelerating voltages from 100 to 400 kV equipped with a Tracor-Northern TN-5400 EDX analyzer, and a scanning analytical electron microscope, JEOL JSM-6000F equipped with a Tracor-Northern TN-5400 EDX analyzer, and used them for analysis of various elements in different cells and tissues [41, 46] .
Since the development and application of electron microscopy in the mid 20th century, the accelerating voltages of conventional transmission electron microscopes widely distributed throughout the world were from 50 to 100 kV for many years. Therefore, the applications of transmission electron microscopes to biological specimens were limited to observing only ultrathin sections at thicknesses less than 100 nm (0.1 mm), sectioned with ultramicrotomes from resin embedded tissue blocks using glass or diamond knives through the standard procedures, which could easily be transmitted by the electrons emitted from the conventional electron microscopes at accelerating voltages around 100 kV [7] . However, several high voltage electron microscopes at accelerating voltages around 500-1000 kV, designed and constructed in the early 1960s in Japan and France, were first used for observing lattice structures of materials such as ceramics and metals but not for biological specimens [28] . Then, high voltage electron microscopes with much higher (ultrahigh) accelerating voltages of more than 1000 up to 3000 kV were experimentally designed and constructed in France (Toulouse) and Japan (Osaka) in the late 20th century from the 1970s to 1980s, due to the demands for observing thicker inorganic materials but not used for biological specimens at that time [28] . On the other hand, at the end of 20th century, intermediate high voltage electron microscopes at accelerating voltages around 200-400 kV were designed and commercially sold by a few manufacturers (JEOL, Hitachi, and Phillips) which were less expensive than ultrahigh voltage electron microscopes around 1000 kV. Thus, the intermediate voltage electron microscopes (IMEM) have recently become available in many laboratories throughout the world, and the applications of intermediate or high voltage electron microscopes to biological specimens have become more common than before, in the late 20th century.
The observation of biological specimens by high voltage electron microscopes merits 3 features. The first is the better resolution and the lesser electron damage by higher accelerating voltages than lower accelerating voltages because the wavelengths of the electron beams become shorter in inverse proportion to the accelerating voltages [28, 50] . However, if we observe ultrathin sections at higher accelerating voltages, the contrast of structures becomes worse. Thus, the high voltage electron microscopes were not used so much for observing ultrathin sections. The second feature is the better transmittance than the lower voltages, because the electron beams emitted at higher voltages are able to penetrate thicker specimens than the electrons at lower voltages. Thus, thicker sections more than 100 nm or whole mount cells without sectioning as thick as several mm prepared from cultured cells were often used at higher voltages [28, 38, 45, 47] . Porter et al. [77] were the first to observe the thin cytoplasmic processes of cultured cells without sectioning at the initial stage of electron microscopy applied to biological specimens by conventional TEM because the ultramicrotomes which were developed later were not available at that time and there was no other way to obtain thin specimens. However, once ultramicrotomes were developed and ultrathin sections were easily prepared, whole mount cultured cells were not used during the period from the 1950s to 1970s, and instead cultured cells were embedded and sectioned for electron microscopy. However, in the late 1970s Porter and his associates [5, [92] [93] [94] [95] again tried to observe the cytoskeletons of whole mount cultured cells by high voltage electron microscopes (HVEM) at 1000 kV. This period from the late 1970s to early 1980s should be regarded as the second period to apply high voltage electron microscopes to biological specimens [28, 50] . Since the recent development and spread of very high voltage electron microscopes at accelerating voltages around 1000 kV as well as intermediate high voltage electron microscopes at accelerating voltages of 200-400 kV at the end of 20th century, many papers dealing with the ultrastructures of various biological specimens have been published. Among them, 3-dimensional observations of various cell organelles including not only cytoskeletons as was observed by Porter et al. [5, [92] [93] [94] [95] but also other cell organelles such as endoplasmic reticulum, Golgi apparatus, peroxisomes and mitochondria were extensively studied by preparing stereo-pairs and taking photographs while tilting the thick specimens stained with cytochemical reactions by high voltage electron microscopy [35, 38, 45, 47] . This period from the 1990s to early 21st century should be regarded as the third period of HVEM [47, 49, 50] .
The third merit of HVEM is the decrease of diffraction in the specimens. Theoretically, the size of electron diffraction in the specimens becomes much smaller in inverse proportion to the accelerating voltage. Thus, high voltage electron microscopes by TEM mode are recently used in combination with energy dispersive X-ray microanalysis (EDX) using thicker specimens [50] .
In order to review and discuss the recent advances in the application of high voltage electron microscopes to biological specimens, the present author organized a symposium at the last 15th International Congress on Electron Microscopy, held in Durban, South Africa, September 1-6, 2002, entitled "Application of high voltage electron microscopy to biological specimens". We presented 3-dimensional and 4-dimensional ultrastructures of cell organelles in thick specimens from both sections and whole mount cultured cells in connection to time-lapse [49] , as well as the utility of high voltage electron microscopes equipped with EDX showing that high P/B ratios of trace elements in biological specimens such as Ag, Ce, Au, S, Cl, Ca, Zn, Al can be obtained from thicker sections at accelerating voltages of 200-400 kV [50, 51] . This article summarizes the presentations we made at the symposium. We first started to use X-ray microanalysis in order to quantify the silver grains in electron microscopic radioautograms [27, 30, 41, 52] , and then to quantify the deposits of phosphatase reaction containing Ce [67] [68] [69] [70] [71] . Next we studied other elements such as Zn, S, Cl, Ca and Al observed in various cell types under normal and experimental conditions [11, 12, 14-16, 21, 22, 41, 46] . We used several systems of transmission analytical electron microscopes equipped with X-ray analyzers, as mentioned above, installed in our EM laboratory at the Research Center for Instrumental Analysis of Shinshu University.
IV. Application of X-ray Microanalysis to Biological Specimens
The applications of X-ray microanalysis to biomedical researches is to detect various elements localized in the cells and tissues obtained from experimental animals or clinical patients, and to qualify several kinds of elements detected in the specimens, and further to quantify the contents of the elements in the specific cells, cell organelles and tissues which contain the elements in relation to their localizations [30, 41, 46] . The kinds of elements in tissues, cells and cell organelles targeted for X-ray microanalysis can theoretically be classified into 3 categories according to the nature of the elements: (1) endproducts produced through various histochemical reactions, (2) endogenous elements originally existing in cells and tissues, and (3) absorbed elements introduced into cells and tissues of the human or animal bodies by administration of drugs or chemical agents under environmental or experimental conditions [50] . As for the materials used in our studies cited here, all the procedures relating to the human materials and animal experiments were in accordance with the protocol reviewed and approved by either the ethical standards laid down in the 1964 Declaration of Helsinki revised 2000 or the guidelines of the principles of laboratory animal care (NIH publication No. 85-23, revised 1985) , as well as either the Ethics Committee of Shinshu University School of Medicine or the Animal Research Committee of Shinshu University School of Medicine.
V. Endproducts of Histochemical Reactions
There are many histochemical and cytochemical stainings available to demonstrate chemical components of cells and tissue using various principles such as chemical, physical and biological methods [33, 44, 46] . As a result of the application of these methods to various cells and tissues, a variety of endproducts are produced in situ through various chemical, physical and biological procedures, which can then be observed by light and electron microscopy to localize the chemical components in cells and tissues [46] . Among these techniques, we first applied X-ray microanalysis for quantifying the silver content of silver grains in radioautographs [26-32, 36, 60] . Then, we used the same procedure for quantifying cerium contents in enzyme histochemical staining in specimens of spleen and kidney of mice demonstrating acid phosphatase activity [67] [68] [69] [70] [71] . Finally we used a similar method to quantify the gold content of gold particles in specimens stained with immunogold staining [82] [83] [84] [85] [86] [87] [88] [89] [90] . The respective procedures will be described in detail in the following.
Silver grains in radioautographs (Ag)
For the purpose of quantifying the concentrations of radiolabeled compounds incorporated into cells and tissues synthesizing macromolecular compounds [40] such as DNA [70, 80] , RNA [9, 17, 18, 58] , proteins [8, 71, 81] , glucides [13, 24, 42, 56, 61, 62] and lipids [59] or soluble compounds [23, 31, 34] by radioautography, the number of silver grains in either LMRAG or EMRAG was counted with the naked eye, which was designated as visual grain counting [27-29, 31, 37, 39, 43, 48] . However, it is very troublesome work to count the number of silver grains on many photographs one by one. In order to reduce the labor involved in grain counting, we first tried to quantitate the number of silver grains on LMRAG as well as on EMRAG by means of various image analyzers available at that time (1970-80s), such as PPA 250 (Rhesca, Tokyo, Japan), Digigramer G (Mutoh Kogyo, Tokyo, Japan), MOP (Kontron, München, Germany), IBAS II (Carl-Zeiss, Jena, Germany), Quadra 900 (Macintosh, Cupertino, CA, USA), Luzex III (Nireco, Tokyo, Japan) [26, 27, 41] and then later to quantify the silver content on EMRAG using X-ray microanalyzers with analytical electron microscopes [27, 28, 32, 36] . As for the X-ray microanalysis on EMRAG, we initially used either a Hitachi H-700 electron microscope equipped with Horiba EMAX-1800E, the energy dispersive X-ray microanalyzer by STEM (scanning transmission electron microscopy) mode, or a JEOL JEM 200CX equipped with Kevex 7000-77, where the specimens were observed by STEM mode at accelerating voltages of 100-200 kV. When we analyzed the electron radioautographs (EMRAG) obtained from newborn day 1 and day 14 pancreatic acinar cells labeled with 3 H-uridine demonstrating RNA synthesis in the nucleoli, nuclei and cytoplasm, fixed, embedded and sectioned at 0.1 mm thickness, and observed at accelerating voltages of either 100 kV or 200 kV, the peak counts of Ag-Ka lines were counted with a probe current of 500 pico amperes and a small probe diameter (2 mm) almost the same as the nucleolus for 100 sec with a dead time of 30% [27, 32, 52, 54, 55] . In the spectra, there were two peaks of silver, Ag-Ka and Ag-La, respectively ( Fig. 1 ). These spectra showed that the peak of AgKa line at accelerating voltage of 200 kV ( Fig. 1B) was higher than the peak of AgKa line at 100 kV ( Fig. 1A) . Likewise, the backgrounds obtained at 200 kV were higher than the backgrounds obtained at 100 kV. Thus, the P/B ratio of Ag-Ka at 200 kV was higher than the P/B ratio obtained at 100 kV. It was demonstrated that the P/B ratios obtained at 200 kV were higher than those at 100 kV. However, we changed lately (1990s) to use a JEOL JEM-4000EX high voltage electron microscope at accelerating voltages of 400 kV, equipped with a Tracor-Northern TN-5400 EDX by TEM (transmission electron microscopy) mode. This marked an improvement over the former method by STEM mode, because we could now observe the ultrastructure directly when measuring as well as observe thicker sections with higher accelerating voltages at 400 kV and obtain higher P/B ratios [30, 60] . In order to establish routine procedures for quantifying the silver content in silver grains in radioautograms, we used electron radioautograms prepared from mouse hepatocytes labeled with 3 Hthymidine as a model. Fig. 2A shows an example of EMRAG of mouse hepatocyte labeled with 3 H-thymidine, fixed, embedded and sectioned at 0.2 mm thickness, and processed for radioautography to demonstrate DNA synthesis. The diameters of the microprobes were from 0.2 to 1 mm, integrating detecting time was 100 sec and the detecting dead time was 30%. The beam currents were from 2 to 8 nano amperes and the accelerating voltages were 100, 200, 300, 350, and 400 kV. Fig. 3 shows 4 spectra obtained from a single silver grain on a 0.2 mm thick section observed at accelerating voltages of 100, 200, 300 and 400 kV, respectively. There were two peaks of silver, Ag-La and Ag-Ka. From the results, the mean peak counts and background counts of silver grains measured at different accelerating voltages, 100, 200, 300, 350 and 400 kV were recorded and the P/B ratios at respective accelerating voltages were calculated. The transitional curve of the P/B ratios of silver grains calculated from these data, at different accelerating voltages from 100 to 400 kV, is shown in Fig. 4 . From the results, the maximum was found at 350 kV [41] . We further tested to quantify several elements in biological specimens by 400 kV high voltage analytical electron microscopy and verified the utility of HVEM to increase the P/B ratios [27, 29, 30, 32, 36, 40, 46, 50, 51] . It was also shown by Bando et al. [2, 3] that the P/B ratios of Ag, Al and Ge in inorganic materials such as ceramics increased with the increase of Electron dense deposits are localized in lysosomes. From Nagata [46] . C: Electron micrograph of a hepatocyte of a normal adult male Wistar rat liver, fixed in paraformaldehyde and glutaraldehyde mixture, embedded in Lowicryl K4M, sectioned, stained with anti-catalase antibody by the protein A-gold technique. Gold particles for catalase can be seen over the peroxisomal matrix. From Nagata [46] . D: Electron micrograph of a goblet cell of mouse proximal colon, fixed with 2.5% glutaraldehyde in phosphate buffer, embedded in Epoxy resin, sectioned according to conventional technique, stained with uranyl acetate and lead citrate. From Nagata [46] . E: Electron micrograph of a goblet cell of mouse proximal colon, cryo-fixed by metal contact method using a JFD-RFA freezing apparatus cooled with liquid nitrogen, freeze-substituted in absolute acetone containing osmium tetroxide, embedded in Epon, and dry-sectioned using ethylene glycol. From Nagata [46] . F: Electron micrograph of a mast cell collected from the peritoneal exudate of a Wistar strain, centrifuged, cryo-fixed in isopentane cooled with liquid nitrogen, freeze-substituted in acetone containing osmium tetroxide, embedded in Epoxy resin and dry-sectioned using ethylene glycol at 0.4 mm thickness and observed at 300 kV. From Nagata [46] . G: Electron micrograph of a Paneth cell of mouse duodenum, fixed with 2.5% glutaraldehyde in phosphate buffer, embedded in Epoxy resin, sectioned according to conventional technique, stained with uranyl acetate and lead citrate. The granule indicated with an arrow was studied by X-ray microanalysis. From Nagata [46] . H: Electron micrograph of a wandering cell in the submucosa of the duodenum of an adult mouse injected intraperitoneally with aluminum chloride, fixed in buffered glutaraldehyde and osmium tetroxide, embedded in Epoxy resin, sectioned at 1.0 mm thick, stained with uranyl acetate and lead citrate. From Kametani [14] .
accelerating voltage from 100 to 400 kV by using a JEOL JEM-4000EX TEM, which was similar to the results obtained from biological specimens in our laboratory. When EMRAG were obtained from the pancreas specimens of fetal day 19 embryos, newborn day 1 and newborn day 14 mice labeled with 3 H-uridine, demonstrating RNA synthesis, the number of silver grains in the nucleoli, nuclear chromatin and cytoplasm increased by visual grain counting. The P/B ratios expressing relative silver content were calculated by using JEM-4000EX equipped with TN-5400 EDX system at 350 kV and the data were compared between the two age groups. The two results, that is, the results obtaining from visual grain counting and the silver content analyzed by X-ray microanalysis, were in good correlation with each other [27, 30, 32] . Thus, it was demonstrated that X-ray microanalysis by TEM mode was useful in quantifying silver grains in EMRAG instead of visual grain counting. In the literature, Hodges and Muir [10] were the first to quantify silver content on EMRAG obtained from cultured cells labeled with 3 H-thymidine by scanning electron microscopy (SEM) equipped with EDX, but they did so by observing the cell surface without confirming the nuclei and cell organelles surrounded with cytoplasm. Our reports [27, 30, 32] were the first to quantify the silver grains by TEM mode observing both the silver grains and the nuclei and cell organelles. This procedure should be useful in calculating and recording the data of grain counting by X-ray microanalysis with an on-line computer when quantitatively analyzing many radioautographs in a short time.
Cerium deposits in acid phosphatase reaction (Ce)
Formerly, we studied 3 H-thymidine incorporation into the splenic cells of aging mice from newborn to adult and senescence in connection to lysosomal acid phosphatase activity [67] [68] [69] [70] [71] as a part of systematic studies on macromolecular synthesis of various organs in aging mice [48] . The acid phosphatase activity of splenic macrophages was demonstrated by means of cerium substrate method, one of the chemical reactions [67] [68] [69] [70] . Electron dense deposits were observed in lysosomes of macrophages and reticular cells in the splenic tissues (Fig. 2B) . By X-ray microanalysis in TEM mode at accelerating voltages from 100, 200, 300, 350 and 400 kV, the localization of cerium deposits was confirmed with two peaks at 4.84 and 5.26 keV, respectively (Fig. 5 ). These spectra did not interfere with the osmium line at 1.914 keV. When the cerium spectra were observed by changing the accelerating voltages at 100-400 kV, the intensities of the peaks decreased with increasing accelerating voltages from 100 to 400 kV. On the other hand, the background also decreased with the increases in accelerating voltages. However, the average peak to background ratios (P/B) counted at 100, 200, 300 and 400 kV increased from 100 to 400 kV ( Fig. 6 ) similarly to Ag. Therefore, X-ray microanalysis in quantifying cerium contents, showing acid phosphatase activity in the lysosomes of both the macrophages in spleens [68, 70] and the uriniferous tubules in kidneys [69] in several groups of aging mice from newborn day 1 to 10 months, was carried out using the accelerating voltage at 400 kV. This method is useful in quantifying acid phosphatase activity when analyzing numerous specimens quickly.
Gold particles in colloidal gold immunostaining (Au)
With regard to biological reactions such as immunostaining, we formerly studied immunostaining for peroxisomal enzymes in the liver. We first studied immunostaining of peroxisomal enzymes in mouse liver, such as urate oxidase [98, 100] and catalase [99] , using cryo-sections and ferritin-antibody oxidase conjugates, together with conven- Fig. 3 . X-ray spectra obtained from a specimen prepared from mouse hepatocytes labeled with 3 H-thymidine and observed in a JEOL JEM-4000EX high voltage electron microscope equipped with Tracor-Northern TN-5400 EDX in the TEM system. The accelerating voltages were changed from 100, 200, 300 and 400 kV, demonstrating Ag-Ka, respectively. From Nagata [46] . Fig. 4 . Relation between P/B ratios of Ag and accelerating voltages. The peak to background ratios (P/B) at the different accelerating voltages from the spectra in Fig. 3 were measured and calculated. The curve of the P/B ratios of silver grains determined and plotted as a function of the accelerating voltage from 100 to 400 kV. The maximum was found at 350 kV. From Nagata [46] .
tional enzyme cytochemical methods. The two enzymes were localized on the peroxisomes of mouse hepatocytes and it was found that the number of peroxisomes in mouse hepatocytes decreased after birth but sometimes increased after administration of several peroxisome proliferators such as clofibrate, bezafibrate and DEHP. The peroxisomal enzyme activity as demonstrated by immuno-ferritin method could be studied by X-ray microanalysis of Fe in the ferritinconjugates. However, the trial was not carried out at that time. We later developed immunostaining of peroxisomal enzymes by protein A-colloidal gold complex technique using cryo-fixation and freeze-substitution embedding for electron microscopy in correlation with the intracellular localization of peroxisome proliferators [82] [83] [84] [85] [86] [87] [88] [89] [90] [82] [83] [84] [85] [86] [87] [88] [89] [90] . The results demonstrated that the peroxisome of rat hepatocyte is a spherical organelle with a single limiting membrane, containing a homogeneous matrix and a high electron dense core. The peroxisomal matrix of rat hepatocytes can be divided into two subcompartments, the electron-lucent subcompartment and the electron-dense subcompartment [88] . The peroxisomal membrane contains 70 kDa, 41 kDa, 26 kDa, and 22 kDa PMPs [82, 85, 87, 90] . The matrix of hepatic peroxisomes contains catalase (Fig. 2C ), D-amino acid oxidase, acyl-CoA oxidase, La hydroxiacid oxidase, glycolate oxidase, acy-CoA oxidase, bifunctional proteins, and 3-ketoacyl-CoA thiolase in the peroxisomal matrix and urate oxidase in the core. The electron-lucent subcompartment of the matrix contains only D-amino acid oxidase while the electrondense subcompartment contains all the other enzymes. The immunogold techniques were also applied to the livers of different species [89, 90] . It was demonstrated that species specific differences exist in the size and shape of the peroxisomes and the ultrastructure of the core in man, monkey, cow, cat, dog, rat, mouse, frog and so on [82] [83] [84] [85] [86] [87] [88] [89] [90] .
In order to quantify the gold content in immunogold staining for catalase by X-ray microanalysis, we first used hepatocytes of a normal adult male Wistar rat, fixed in paraformaldehyde and glutaraldehyde mixture, embedded in Lowicryl K4M, sectioned and stained with anti-catalase antibody by the protein A-gold technique as the models. Fig. 2C shows examples of electron microscopic photographs of rat hepatocytes stained by anti-catalase antibody. Fig. 7 shows four spectra obtained from a single gold particle observed at accelerating voltages of 100, 200, 300 and 400 kV, respectively. There are two peaks of gold, Au-La and Au-Ka, respectively. From the results, the P/B ratios in the respective accelerating voltages were calculated. The transitional curve of the P/B ratios of gold particles at different accelerating voltages from 100 to 400 kV is shown in Fig. 8 . From the results, the maximum was found at 300 kV. Thus, X-ray microanalysis at 300 kV for quantifying the Au contents of the gold particles in several experimental groups stained with protein A-gold technique could be carried out. This procedure should be useful in calculating and recording the data with an on-line computer when analyzing many immunostained specimens by X-ray microanalysis.
VI. Endogenous Elements in Various Cells and Tissues
After applying X-ray microanalysis to endproducts of histochemical reactions, we studied other endogenous elements originally existing in cells and tissues such as S, Cl, Ca and Zn which were occasionally observed in various cell types under normal conditions. The applications and results Fig. 2B , as observed by X-ray microanalysis at different accelerating voltages of 100, 200, 300 and 400 kV, respectively. From Olea and Nagata [68] .
Fig. 6. Relationship between accelerating voltages and P/B ratios of
Ce from acid phosphatase activity in mouse splenic reticular cell, measured and calculated from the spectra in Fig. 5 . The maximum was found at 400 kV. From Olea and Nagata [68] .
of X-ray microanalysis to these elements are best described according to the periodic law of elements as listed in the periodic 
Sulfur in colonic goblet cells (S)
Formerly, we studied mucosubstance synthesis incorporating radiosulfate labeled with 35 SO 4 in goblet cells of mouse colon, as demonstrated by light and electron microscopic radioautography [42, 56, 57, 61, 62] . Numerous silver grains due to radiosulfate were observed to localize over the Golgi zones and the mucigen granules of the goblet cells. Among the many goblet cells in the crypts of Lieberkuehn, more silver grains could be seen over the cells in the upper region of the crypt than the lower region. By quantitative analysis it was shown that the turnover rate of radiosulfate in the goblet cells in the deeper region was more rapid than that in the upper region [56] . In order to clarify whether the total sulfur content in the Golgi zones and the mucigen granules of the goblet cells in different regions of the colons at different ages of ddY mice differed or not, as well as whether the total sulfur content in the goblet cells changed according to the fixation procedure, X-ray microanalysis was carried out in several experiments [15, 21, 22, 63] . Fig. 2D is an electron micrograph showing mucigen granules of colonic goblet cells in the lower crypts of the proximal colon of an aging mouse at postnatal 15 months, fixed chemically with buffered 2.5% glutaraldehyde, embedded in Epoxy resin and sectioned using water. Fig. 2E shows an electron micrograph of a goblet cell of a mouse proximal colon, cryofixed, freeze-substituted, embedded in Epoxy resin and drysectioned. As the results, 2 X-ray spectra obtained from the granules of mouse colonic goblet cells are shown ( Fig. 9 ). Fig. 9A shows the spectrum from the tissue fixed in phosphate buffered 2.5% glutaraldehyde followed by dehydration, embedding in Epoxy resin and cut by conventional sectioning using water, while Fig. 9B shows the spectrum from the tissue fixed by cryo-fixation with metal contact method and followed by freeze-substitution in absolute acetone, embedding in Epoxy resin and dry-sectioned without water, picked up onto nickel grid meshes (VECO, Eerbeek, Netherlands) and observed at 300 kV. For X-ray microanalysis a high voltage JEM 4000EX TEM with a Tracor-Northern energy dispersive X-ray microanalyzer TN-5400 was used. Thus, higher peaks of S, Cl, K as well as other elements such as Na, P, and Ca can be seen in Fig.  9B as compared with 9A. On the other hand, we analyzed Epoxy sections containing 0.1% zinc sulfate, changing the accelerating voltages at 100-400 kV, for which the S peaks and backgrounds were measured and calculated (Fig. 10) . The transitional curve of the P/B ratios of S at varying accelerating voltages from 100 to 400 kV showed a maximum at 300 kV (Fig. 11 ). Therefore, we used 300 kV for further quantification [15, 21, 22, 63] .
Chlorine in Paneth cells and in Epon sections (Cl)
We had previously found the existence of low peak zinc with high peak S and Cl in the spectra obtained from the specific granules of Paneth cells of mouse duodenum by Xray microanalysis [11, 12, 57] . In order to quantify the zinc content in these granules, we first studied the relation between the Zn peaks in the spectra and the zinc concentrations in a model system. As a model experiment, we prepared Epoxy sections containing zinc sulfate at a concentration of 0.1% dissolved in the Epoxy mixtures and polymerized. The Epoxy blocks were cut on an Porter-Blum MT-2B ultramicrotome (Dupont-Sorvall, Newtown, CT, USA) at 0.1 or 0.4 mm thicknesses, picked up onto nylon meshes (VECO, Eerbeek, Netherlands) and observed by JEM-4000EX TEM with Tracor-Northern NT-5400 EDX system, changing the accelerating voltages from 100 to 400 kV [11, 12, 57] . The spectra showing Zn peaks as well as S and Cl peaks were obtained respectively (Fig. 9 ). The peak counts as well as the backgrounds changed from 100 to 400 kV. The results from Cl peaks were plotted as the changes of P/B ratios in connection to accelerating voltages (Fig. 12) . The peak of the transitional curve obtained from P/B ratios of Cl was found at 300 kV, which was similar to S.
Calcium in mast cells and ligaments (Ca)
We had previously demonstrated the intracellular localization of a synthetic anti-allergic drug, Tranilast (Kissei Pharmaceutical Co., Matsumoto, Japan), in the peritoneal mast cells of Wistar rats by means of radioautography [53] . In the relation of silver grain accumulation over mast cell granules to the inhibition of degranulation of mast cells for anti-allergic reaction, it was presumed that this agent might Fig. 9 . X-ray spectra of S-Ka and Cl-Ka obtained from the granules of mouse colonic goblet cells fixed in either phosphate buffered 2.5% glutaraldehyde followed by dehydration, embedding and conventional sectioning (A) or cryo-fixation followed by freezesubstitution with osmium tetroxide, embedding in Epon and drysectioning (B) and observed at 300 kV. Fig. 10 . X-ray spectra from Epoxy resin sections cut at 0.2 mm thick and observed by X-ray microanalysis at different accelerating voltages of 100, 200, 300 and 400 kV, respectively. The S and Cl peaks were due to Epoxy resin. From Nagata [46] . Fig. 11 . Relationship between the accelerating voltages and the P/B ratios of S in Epoxy resin sections, measured and calculated from the spectra in Fig. 10 . The maximum was found at 300 kV. From Nagata [41] . Fig. 12 . Relationship between the accelerating voltages and the P/B ratios of Cl in Epoxy resin sections, measured and calculated from the spectra in Fig. 10 . The maximum was found at 300 kV. From Nagata [41] .
interfere with the Ca influx resulting in histamine release triggering an allergic reaction [53, 65, 66] . Thus, we tried to detect the intracellular localization and quantification of Ca in peritoneal mast cells by X-ray microanalysis. We also found Ca localizing in the human lumbar yellow ligaments (ligamentum flavum) in patients suffering from the ossification of the ligaments and lumbar canal stenosis [72] [73] [74] [75] [76] . In order to determine the effect of chemical fixation on Ca content in mast cells, we collected mast cells from the peritoneal exudate of Wistar strain rats, which we centrifuged, cryofixed in isopentane cooled with liquid nitrogen (-165°C), freeze-substituted in acetone (-80°C) containing osmium tetroxide, embedded in Epoxy resin and dry-sectioned using ethylene glycol at 0.2 or 0.4 mm thicknesses so as to retain the soluble compounds by cryo-techniques [30, 34] . As control specimens, some of the centrifuged mast cells were fixed in buffered 2.5% glutaraldehyde, embedded in Epoxy resin, sectioned at either 0.2 or 0.4 mm thickness, and observed at 100-400 kV. Fig. 2F shows an electron micrograph of a rat mast cell, cryo-fixed, freeze-substituted, embedded in Epon and dry-sectioned. For X-ray microanalysis a JEM 4000EX TEM system with a Tracor-Northern TN-5400 analyzer was used. As the results, the spectra obtained from the cryo-sections showed more Ca than the chemically fixed specimen, similar to S as shown in Fig. 9 . In order to determine the relationship between the P/B ratios of Ca and the accelerating voltages, we next observed the chemically fixed mast cells, changing the accelerating voltages from 100 to 400 kV. Fig. 13 shows the 4 spectra obtained from a mast cell granule, sectioned at 0.2 mm and observed at 100, 200, 300 and 400 kV, while Fig. 14 shows 4 spectra from another section at 0.4 mm thickness. The peak counts of Ca-Ka and background counts of mast cell cytoplasm obtained from either 0.2 or 0.4 mm thick sections observed at 100, 200, 300, 350 and 400 kV were recorded and their respective P/B ratios were calculated. Fig. 15 shows two transitional curves of the P/B ratios of Ca in mast cell cytoplasm from 100 to 400 kV. The maxima of the two curves, for both thicknesses at 0.2 and 0.4 mm, were found at 300 kV [41] , hence we used 300 kV for further quantification of Ca [72] [73] [74] [75] [76] .
Zinc in Paneth cell granules (Zn)
We had previously found the existence of low peak zinc with high peak S in the spectra (Fig. 16 ) obtained from the specific Paneth cell granules of mouse duodenum (Fig.  2G ) by X-ray microanalysis [11, 12, 57] . In order to compare the effects of fixation on the morphology of Paneth cell granules and their zinc content, we first studied the effects of several different chemical fixations on the granules. Fig. 2G shows an electron micrograph of a Paneth cell of a 1 month old mouse duodenum, fixed doubly with 0.1 M phosphate buffered 2.5% glutaraldehyde and 1% osmium tetroxide, embedded in Epoxy resin, sectioned at 0.2 mm, picked up onto nylon meshes (VECO, Eerbeek, Netherlands), stained with uranyl acetate and lead citrate and observed at 300 kV. The X-ray spectrum obtained from the granules (arrow in Fig. 2G ) shows a Zn peak as well as an osmium peak (Fig.  16A ). On the other hand, when the same materials, Paneth cells of the same 1 month old mouse duodenum, were fixed with only buffered 2.5% glutaraldehyde, embedded in Epoxy resin, sectioned at 0.2 mm, picked up onto nylon meshes, stained with uranyl acetate and lead citrate, the electron density of the granules appeared less dense. The X-ray spectrum obtained from the transparent granules fixed only with glutaraldehyde shows a Zn peak without the osmium peak (Fig. 16B ). Thus, we decided to fix the tissues only with buffered 2.5% glutaraldehyde, and embed in Epoxy resin, section at 0.2 mm and stain with uranyl acetate and lead citrate, in order to obtain Zn peak while avoiding the osmium peak.
In order to quantify the zinc content in these granules, we then studied the relation between the Zn peaks in the spectra and the zinc concentrations in a model system [11, Fig. 13 . X-ray spectra obtained from a mast cell granule, cryo-fixed in isopentane cooled with liquid nitrogen, freeze-substituted, embedded in Epoxy resin, dry-sectioned at 0.2 mm and observed at 100, 200, 300 and 400 kV. From Nagata [41] . Fig. 17A shows two spectra obtained from two Epon sections containing 0.05% (top) and 0.10% (bottom) zinc sulfate cut at 0.2 mm thickness. Comparing the two peaks of Zn obtained from 0.05% and 0.10% concentrations, the latter was higher than the former. The average peak counts and backgrounds in the two kinds of sections containing 0.05% and 0.10% concentrations were measured and calculated. From the results, P/B ratios at different concentrations were plotted in Fig. 17B . In this figure the parallel relationship between the P/B ratios and the concentrations was confirmed [11, 12, 57] , approximately like Beer's law as in the case of microspectrophotometry as was formerly observed [25] . When the sections containing 0.10% and 0.05% zinc Fig. 15 . Relationship between the accelerating voltages and the P/B ratios of Ca in mast cell cytoplasm in Epoxy resin sections at 0.2 and 0.4 mm thicknesses, measured and calculated from the spectra in Figs. 13. and 14. Both maxima were found at 300 kV. From Nagata [41] . Fig. 16 . X-ray spectra obtained from the granule of the Paneth cell of a mouse duodenum at postnatal month 1, fixed doubly with 0.1 M phosphate buffered 2.5% glutaraldehyde and 1% osmium tetroxide, embedded in Epoxy resin, sectioned at 0.2 mm, stained with uranyl acetate and lead citrate and observed at 300 kV. 16A. The X-ray spectrum obtained from the granule (arrow in Fig. 2G) shows Zn peak as well as osmium peak. 16B. The X-ray spectrum obtained from the granule fixed in glutaraldehyde and processed as above shows Zn peak without osmium peak. From Nagata [41] . Fig. 17 . A: Two X-ray spectra obtained from two Epon sections containing 0.05% and 0.10% zinc sulfate cut at 0.2 mm thickness.
Comparing the two peaks of Zn obtained from 0.05% (top) and 0.10% concentrations (bottom), the latter was higher than the former. The average peak counts and backgrounds in two kinds of sections containing 0.05% and 0.10% concentrations were measured and calculated. B: P/B ratios at different concentrations, 0.05% and 0.10%, were calculated and plotted. In the graph the parallel relationship between the P/B ratios and the concentrations was confirmed. From Nagata [46] . sulfate cut at 0.2 mm thickness were analyzed with the JEM-4000EX NT-5400 TEM system, changing the accelerating voltages from 100 to 400 kV, the respective spectra showing Zn peaks were obtained (Fig. 18 ). The peak counts as well as the backgrounds changed from 100 to 400 kV. The results were plotted as the changes of P/B ratios in connection to accelerating voltages. The peak of the transitional curve of the 0.10% sections was found at 200 kV, but the peak of the 0.05% sections was not detected. Thus, we tried again to find the peak using sections with a thickness of 0.4 mm which contained much more zinc sulfate than the thinner sections. Fig. 19 shows the transitional curve of P/B ratios obtained from sections containing 0.10% zinc sulfate sectioned at 0.4 mm. The maximum of this curve was observed at 200 kV ( Fig. 19 ). Thus, we decided to use 0.4 mm sections observed at 300 kV for further quantification of Zn [11, 12, 57] .
VII. Absorbed Elements in Various Cells and Tissues
Metals such as aluminum, copper, cadmium, and mercury in aqueous solutions are absorbed from the gastrointestinal tract, and Al dust particles and vapor can also be absorbed via the respiratory tract in men and animals which are then incorporated into cells and tissues of various organs [96, 97] . These elements in cells and tissues can be detected in situ by means of X-ray microanalysis.
Aluminum in the intestine, kidney and brain (Al)
The element aluminum (Al) is abundantly found in the earth and dissolved in acid rain, thus it spreads into the earth soil and water where if can be absorbed into the living body of plants, animals and men, and can accumulate in various kinds of cells and tissues [19] . The toxicity of Al accumulation in the living body was experimentally shown in the livers, kidneys and brains in experimental animals [91, 96] . In human patients, many cases of aluminum intoxication causing several diseases of blood, bone, kidney and brain have been reported [1, 64, 78] . Since the quantity of Al absorbed into living body is usually small, X-ray microanalysis using both thick sections and high voltage electron microscopy is advantageous to detect the intracellular localization of absorbed Al in various organs. We tried to detect Al in several organs of adult male ddY strain mice, at postnatal 4 weeks, which were administered deionized water containing 2.0% aluminum chloride (AlCl 3 ) ad libitum for 2 weeks or other mice which were injected with 2.0% aluminum chloride aqueous solution intraperitoneally [14] . We also detected intracellular localization of Al in the kidneys during the postnatal period in aging mice from postnatal day 1 to 17 weeks administered orally with Al [16] . In order to decide the appropriate accelerating voltage for analyzing Al by X-ray microanalysis, the mucosal tissues of the duodenum were taken out, fixed in 2.5% glutaraldehyde in phosphate buffer, dehydrated, embedded in Epoxy resin, sectioned with an OUm3 ultramicrotome (Reichert-Jung, Vienna, Austria) at 0.1, 0.5, 1.0 and 2.0 mm thicknesses, respectively, and mounted onto nickel grids (VECO, Eerbeek, Netherlands), stained with uranyl acetate. The sections were observed and analyzed in a JEOL JEM-4000EX TEM with TN-5400 EDX microanalyzer at 100-400 kV. Electron beams were focused onto the highly electron dense lysosomes of each macrophage found in the submucosa of the duodenum of mouse injected intraperitoneally with aluminum chloride (Fig. 2H ). Electron beams (beam current 93 mA) were irradiated to a small spot (diameter 200 nm) and the X-rays emitted were analyzed. Representative spectra at the respective accelerating voltages are shown in Fig. 20 . The quantification of Al was done by calculating the ratio of Al peak counts (P) to background (B), as P/B ratios. Thus, the relative concentrations of Al in each measurement condition and 3 portions of the cells were represented by the mean P/B ratio from 12 to 14 randomly selected lysosomes in each cell. The results ob- Fig. 18 . X-ray spectra obtained from an Epoxy resin section containing 0.10% zinc sulfate, cut at 0.4 mm thickness and observed at 100, 200, 300 and 400 kV, respectively. From Nagata [41] . Fig. 19 . Relationship between the accelerating voltages and the P/B ratios of Zn in Epoxy resin sections at 0.4 mm thicknesses, measured and calculated from the spectra in Fig. 18 . Both maxima were found at 200 kV. From Nagata [41] .
tained from the analysis demonstrating the relationship between the respective section thicknesses and the respective accelerating voltages are shown in Fig. 21 . The results suggested that the highest peak of the Al P/B ratio was obtained at 300 kV with 1.0 mm thick sections, resulting in a P/B ratio of about 3.55. The conventional ultrathin sections at 0.1 mm thickness showed a peak Al P/B ratio between the accelerating voltages at 200-300 kV, and resulted in a P/B ratio of about 2.0. It was shown that the values of the P/B ratios became dispersed at 300-400 kV with 0.1 and 0.5 mm thick sections. In the thicker sections at 2.0 mm, the P/B ratios were shown to increase with the increasing accelerating voltages reaching 3.2 at 400 kV. However, no significant difference was observed between 100-400 kV. The significant difference was observed between the P/B ratio obtained with 1.0 mm thick sections measured at 300 kV and other sections measured at 100-400 kV [14] . Thus, it was decided to use 1.0 mm thick sections for observing at the accelerating voltage of 300 kV.
Heavy metals
Heavy metals such as copper (Cu), cadmium (Cd), mercury (Hg) and lead (Pb) are also reported to be taken into animals and men. Intracellular localization of metallothionein containing Cu was demonstrated by histochemical staining or Cd was detected either with histochemical staining or X-ray microanalysis [79, 101] . The localization of these elements in various organs will be described elsewhere. We have not yet tried to determine the full range of the relationships between the P/B ratios and accelerating voltages of these metals. Further studies on these metals are required to clarify this point.
Other metals and rare earths
Berry [4] reviewed the intracellular localizations of various elements by X-ray microanalysis for 21 out of 92 elements of the periodic table that, once injected in soluble form, were selectively concentrated within lysosomes of several types of mammalian cells. These elements could be detected by X-ray microanalysis which allowed in situ analysis of any elements with atomic numbers greater than 11 present in ultrathin sections. Among the 21 elements, 15 elements were concentrated and precipitated in insoluble forms in association with phosphorus. They are aluminum (Al), gallium (Ga) and indium (In) which belong to group IIIB elements of the periodic table, and lanthanum (La), cerium (Ce), samarium (Sm), gadolinium (Gd) and thulium (Tm) which belong to the rare earths, hafnium (Hf) and zirconium (Zr) which belong to group IVA elements, uranium (U) and thorium which are actinides, and niobium (Nb) and chromium (Cr) which are group V and VI elements. On the other hand, the other 6 elements were precipitated in association with sulfur. They are nickel (Ni), palladium (Pd) and platinum (Pt) which belong to group VIII elements, and copper (Cu), silver (Ag) and gold (Au) which belong to IB elements. Among these metals, we have studied only Al. The localizations of the respective elements in various organs and the relationships between the P/B ratios and the accelerating voltages require further investigation.
VII. Concluding Remarks
For the purpose of analyzing various kinds of Fig. 20 . X-ray spectra obtained from one of the electron dense bodies of wandering cells found in the submucosa of the duodenum of a mouse injected with Al as shown in Fig. 2H (arrow) , and observed at 100, 200, 300 and 400 kV, respectively. From Kametani [14] . Fig. 21 . Relationship between accelerating voltages and P/B ratios of Al in Epoxy resin sections at various thickness from 0.1 to 2.0 mm, measured and calculated from the spectra as in Fig. 20 . The maximum was found at 300 kV in 1.0 mm thick section. From Kametani [14] .
components in biological specimens, electron microscopic radioautography is the best method to demonstrate the intracellular localization of incorporation sites and the quantity of incorporation of various kinds of organic and inorganic compounds which can be labeled with radioactive substances. On the other hand, X-ray microanalysis is the best method to qualify and quantify the total basic elements contained in biological specimens. We have developed principles and techniques to quantify various elements in biological specimens by means of intermediate high voltage electron microscopy using semi-thin sections which contain much more elements than ultrathin sections. The basic elements detected in the experimental animals and human tissues can be classified into 3 categories: (1) endproducts of histochemical reactions such as Ag in radioautograms, Ce in phosphatase activity or gold particles in immunostaining, (2) endogenous trace elements such as S, Cl, Ca and Zn which originally exist in karyoplasm, cytoplasm or cell organelles of various cells and intracellular matrix after conventional chemical fixation or cryo-fixation, and (3) absorbed elements from gastrointestinal or respiratory tracts such as Al.
From our results, it was shown that the X-ray microanalysis using intermediate high voltage transmission electron microscopy at accelerating voltages of around 300 or 400 kV had high utility value and resulted in high P/B ratios for quantifying these trace elements in biological specimens. These methodologies will find use in microanalysis of various compounds and elements in different cells and tissues of men and animals.
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